Clinical Material and Methods

Patient Selection
The 906 patients enrolled in this study were recruited from all patients with SAH admitted to 21 neurosurgical centers in the United States and Canada. 13 All individuals were 18 years or older on admission, with SAH diagnosed on the basis of their medical history and confirmed by computerized tomography (CT) scan or lumbar puncture. The presence of a saccular aneurysm was confirmed by cerebral angiography. Patients were excluded if fusiform, traumatic, or mycotic aneurysms were the cause of the SAH. Other exclusion criteria included associated severe medical illness, prior use of calcium antagonist drugs at the time of hemorrhage, history of another neurological or psychiatric illness, allergy to calcium antagonist drugs, pregnancy or the suspicion of pregnancy, and inability to obtain informed consent. To be included the patient must have started therapy within the first 7 days of the most recent hemorrhage; all clinical Grades I to V based on the World Federation of Neurological Surgeons 6 (WFNS) scale were allowed. Decisions on the timing of aneurysm surgery; the use of antifibrinolytic agents, steroids, induced hypertension, and hypervolemia; and other adjunctive therapies for treatment of ruptured aneurysm and vasospasm were determined by participating investigators.
Baseline prognostic factors, for admission neurological grade, and preexisting medical conditions (such as diabetes, hypertension, cardiac disease, and pulmonary, renal, and hepatic diseases) were noted. The clot thickness measured on the admission CT scan and the location of the aneurysm were recorded. Trained investigators collected the following information in the first 14 days post-SAH: findings from daily neurological examinations, medical and surgical complications including vasospasm, and the treatment provided. Medical complications emerging during the 14-day treatment period (treatment emergent) were described as mild, moderate, or severe, depending on the amount of clinical intervention required. Mild complications were defined as those that did not alter the general medical condition, moderate complications as those that decreased the patient's overall medical condition and required treatment, and severe complications as those that were life threatening. Neurological outcome was assessed by an evaluator blinded to the variables at 3 months post-SAH using the Glasgow Outcome Scale 21 (GOS). According to this scale, outcome is divided into five categories: good recovery, moderate disability, severe disability, persistent vegetative state, and death.
All 906 patients were included in the study because there were no detectable drug-related influences on their clinical course and outcome except in the incidence of symptomatic vasospasm. 13 Using a log linear model, we demonstrated that there were no second-order interactive effects of age and treatment on outcome. Age groups were categorized by advancing decades as 40 years or younger, 41 to 50, 51 to 60, 61 to 70, and more than 70 years.
Statistical Analysis
Several statistical procedures (the chi-square test, t-test, analysis of variance, Cochran-Mantel-Haenzsel test, and binary and ordinal logistic regression) were used to determine the association of age with various outcome measures and other prognostic factors. Age was modeled as a continuous factor, a classification by decade, and a dichotomy. Multivariate prediction models of favorable outcome were determined in a step-down procedure, using binary logistic regression.
Results
Demographic Characteristics
Nine hundred six patients with a mean age of 50 years were enrolled in the study. Twenty-three percent of the patients were more than 60 years old. Women outnumbered men in all age groups considered (Fig. 1) . The female/male ratio increased from 1.5:1 among patients younger than 40 years to 4.6:1 in the oldest age group.
Age-Related Clinical Characteristics at Admission
The baseline characteristics of the patient population by age group are summarized in Table 1 . There were no agerelated differences in the interval from SAH to hospital admission. A strong association between age and level of consciousness at admission (p = 0.0002) was noted. The percentage of patients who were stuporous or comatose increased from 12% in patients younger than 40 years old to 27% in the oldest age group.
Findings on admission CT scan are summarized in Table 2 . Older patients were more likely to have a thick subarachnoid clot than younger patients (p = 0.0001). The incidence of both intraventricular hemorrhage (p = 0.0003) and hydrocephalus (p = 0.0001) increased with advancing age. No significant association was noted between age and either the location of the ruptured aneurysm or its size (small vs. large).
Associated Medical Conditions and Age
The incidence of preexisting medical conditions in the different groups considered is shown in Table 3 . 0.6493) showed no statistically significant association. The mean systolic pressure values at admission increased with advancing age (p = 0.0001) (Fig. 2) . The diastolic values recorded at admission did not differ significantly among the age groups. The electrocardiogram at admission was more frequently reported to be abnormal in older than in younger patients.
Age and Clinical Course
The clinical course of the patient population during the study period is summarized in Table 4 . There were no agerelated differences in the timing of surgery. Fifty-seven individuals suffered rebleeding during the study period, with the rebleeding rate increasing from 4.5% in patients younger than 40 years of age to 16.4% in patients who were 70 years of age or older (p = 0.002). There were no age-related differences in the overall incidence of vasospasm; however, symptomatic vasospasm was more frequently recorded in older patients (p = 0.01). Severe complications during the study period occurred at a rate of 28%, 33%, 36%, 40%, and 46% in the advancing age groups, respectively (p = 0.0002); however, no age-related differences were observed in the incidence of surgical complications.
Age and Outcome
The outcome of the patient population by age is shown in Tables 5 and 6 . Outcome assessed using the GOS at 3 months post-SAH was associated with increasing age (p Ͻ 0.001). Seventy-three percent of patients who were 40 years and younger made a good recovery. The percent of patients who made a good recovery then progressively decreased to 62%, 55%, 41%, and 25%, respectively, in the other advancing age groups considered. Mortality rates increased from 12% in the youngest age group to 35% in the oldest age group. The age-related differences in outcome were still present when the admission WFNS grade was also taken into account (p Ͻ 0.001, CochranMantel-Haenzsel test) ( Table 6 ).
An exploratory analysis was conducted to determine the optimal age cutoff for discriminating low and high risk of a favorable outcome at 3 months post-SAH. The age dichotomy that produced the highest chi-square in a comparison of favorable outcome rates was selected as the optimal cutoff. Age above 60 years was chosen as the cutoff that best discriminated favorable outcome rates (p Ͻ 0.0001) ( Table 7) .
Multivariate Analysis
A multivariate analysis was conducted to determine whether age as a continuous factor contributed independently to the multivariate prediction of favorable outcome after adjustment for other prognostic factors. First, a multivariate logistic model in a step-down model with probability equivalent to 0.1 as the entry and exit criteria was produced from a candidate list of prognostic factors: age, WFNS grade, thickness of clot on CT, preexisting medical conditions (arterial hypertension, diabetes, lung disease, cerebrovascular and cardiac diseases). The factors remaining in the model were WFNS grade, thickness of clot, and history of cerebrovascular disease. The additional contribution of age to this model was highly significant (p Ͻ 0.0001). When the step-down procedure was repeated with age included in the candidate list, the final multivariate prediction model included only age and WFNS grade. The interaction of age and WFNS grade did not contribute significantly to this model. Similar multivariate results (17) 35 (17) 31 (18) 17 (15) 12 (21) III 14 (6) 18 (9) 20 (11) 18 (15) 8 (14) IV 16 (7) 18 (9) 24 (14) 22 ( were obtained when age was modeled as a dichotomy: less than 60 years of age versus 60 years of age or greater. Missing data were excluded from the calculation of percentages and from the statistical analysis.
Discussion
The age-specific incidence of SAH increases with advanced age. 3, 25, 40, 42, 44 In the Framingham study, 42 the annual incidence per 100,000 population increased from 15 in the 30-to 59-year-old group to 78 in the 70-to 88-yearold group. As a result, patients older than 60 years constitute a significant proportion of patients with SAH. It can be anticipated that with the aging of the general population, aneurysm rupture in the elderly will become an issue of greater importance.
In our study, 23% of the patients were older than 60 years of age. Because of the characteristics of our patient population (subjects enrolled into a clinical trial) and the inclusion criteria of the study, a selection bias may have occurred, with only elderly patients in good clinical condition enrolled and available for analysis. However, other authors have reported similar age distributions of patients with SAH, suggesting that such a selection did not play a significant role. Our data, in fact, are consistent with the Cooperative Study on the Timing of Aneurysm Surgery 22 in which 908 (26%) of the 3521 patients studied were 60 years or older. Similar percentages have also been reported in population-based studies 41 and in autopsy studies. 14, 29 The observation that population-based and autopsy studies match the percentage of patients over the age of 60 years observed in our study indicates that, in North America, older patients are appropriately referred to neurosurgical centers after aneurysmal rupture.
Age and Baseline Clinical Characteristics
There is an inverse association between age and neurological status at admission. 8, 18, 19, 41 The percentage of patients who are Grade I at admission progressively decreases from 66% in patients 40 years of age or younger to 30% in the oldest age group (Ͼ 70 years). Several factors responsible for the poorer neurological status in older patients are observed: the subarachnoid clot visualized on an admission CT scan is thicker in elderly patients, 19, 43 partially because of the parenchymal atrophy that allows for a larger quantity of blood to collect after aneurysm rupture. In addition, the likelihood of a history of hypertension in patients with aneurysmal SAH increases with advancing age, 22 and elevated blood pressure is closely connected to the severity of SAH.
11 Intraventricular hemorrhage and hydrocephalus at admission are also more frequently encountered in older patients (JP Elliot, et al., unpublished data).
Controversy exists concerning whether the location of ruptured aneurysms differs with age. 19, 43 Sakaki and coworkers, 43 in comparing two groups of patients (Ͻ 65 years vs. Ͼ 65 years), found that aneurysms in older patients occur more frequently in the vertebral, basilar, and anterior communicating arteries and less often in the internal carotid artery. We, along with others, 19 did not detect either an age-related difference in the location of the ruptured aneurysm or an association between age and 19 Because aneurysms are considered acquired lesions whose incidence increases with age, one would expect older patients to harbor larger aneurysms; however, this is not the case. No differences were found in the size of aneurysms in the different age groups, a finding reported by other investigators. 19 
Age and Cerebral Vasospasm
After aneurysmal SAH, the amount of blood visualized on the admission CT scan is closely related to the subsequent development of vasospasm. 9 In elderly patients, despite a thicker clot on CT, 19 ,43 the incidence of angiographic vasospasm is lower than expected; 2, 16, 17 this is especially true in older hypertensive patients. 2 These observations suggest that the cerebral vessels become more rigid with advancing age, especially in the presence of chronic elevated blood pressure, and are less responsive to spasmogenic factors, preventing these vessels from developing vasospasm. 2, 16 Even though vascular narrowing is relatively less severe in elderly patients, the incidence of symptomatic vasospasm is either similar to that observed in younger patients 2 or, as shown in our series, increases with advancing age (HE Benalcazaar, et al., unpublished data). In a study of cerebral blood flow after SAH in two groups (Ͻ 50 years vs. Ͼ 50 years), Benalcazaar, et al. (unpublished data) reached similar conclusions after observing that more younger patients suffer vasospasm. Older patients, however, were more likely to die or sustain a permanent neurological deficit from vasospasm. It is well known that cerebral blood flow (CBF) decreases with advancing age 32, 33 and older patients have a decreased cerebrovascular reserve. In addition, SAH is also associated with impairment of the cerebrovascular reactivity (autoregulation) that normally prevents CBF from falling when cerebral perfusion pressure is reduced. 20 In such circumstances older individuals are more vulnerable because their CBF would have less far to fall before reaching the ischemic threshold.
Management of SAH in the Elderly
The observation that elderly patients fare worse after aneurysmal SAH has generated an animated debate on the best therapeutic strategy to adopt in such cases. 7, 28, 45 Operative results in the past have been less favorable in older than in younger patients: 30, 46 in 1960 McKissock, et al., 30 reported an operative mortality rate of 44% for patients between 60 and 70 years old, and the authors of a provocative article, 28 published as recently as 1978, suggested that no patients older than 60 years should undergo operation. There are indications, however, that surgical results in the older age groups 1, 4, 19 and, as a consequence, overall management results have significantly improved in the past two decades, making surgical repair of a ruptured aneurysm or surgical treatment of giant aneurysms a valid option even in the eighth and ninth decades. 5, 10, 48 The operative mortality in patients older than 60 years has decreased from 51% in the Cooperative Study published in 1966 46 to 20% in the Cooperative Study on Timing of Aneurysm Surgery conducted between 1980 and 1983. 23 This trend has been confirmed by reports from single institutions. 4, 18 Inagawa, 18 comparing the treatment of SAH in the elderly in two periods (1980-1985 and 1986-1990) , observed improvement in the overall management outcome, especially in patients aged 70 to 79 years, a factor contributing to improvement of surgical outcome in this age group. In a recent retrospective analysis of 98 patients 70 years or older who were treated in Sweden between 1988 and 1993, satisfactory results were obtained in 74% of individuals in good clinical condition (14) 44 (21) 32 (23) 23 (35) (Grades I and II) at admission; 10 this figure approaches the results of aneurysm treatment in younger age groups. 10, 53 However, in elderly patients amenable to treatment but for whom surgery is deferred solely because of age, the late outcome is catastrophic. 10 In conservatively managed elderly subjects, in fact, the mortality and morbidity rate exceeds 75% 1 year after the bleeding, with more than 50% of the patients dying within 3 months. 10 In North American centers, advanced age does not seem to influence the timing of surgery; in our series early surgery was performed in 60% of patients aged 61 to 70 and in 67% of patients aged over 70 years. There are several theoretical reasons that support early surgery in elderly patients: 27 the rebleeding rate increases with advancing age; elderly people are more likely to experience intraventricular hemorrhage and acute hydrocephalus (both amenable to treatment with early intervention); and, as previously discussed, elderly people are at high risk for symptomatic vasospasm. When vasospasm occurs, it can be more aggressively treated with hyperdynamic therapy if the aneurysm has been secured. Although caution has to be exercised with patients over 70 years of age, there is convincing evidence that early surgery can be performed in elderly patients as safely as in younger subjects. 1, 10, 15, 23, 53 In the International Cooperative Study on the Timing of Aneurysm Surgery, 23 it was clearly shown that patients older than 65 years who had surgery planned for Days 0 to 3 did not have an especially unfavorable outcome. In medically unstable patients or in the presence of serious associated risk factors, endovascular therapy represents a valid alternative to surgical exclusion of the aneurysm.
Age and Outcome
Overall outcome as assessed by the patient's GOS score 3 months post-SAH was significantly worse in the older age groups. The percentage of patients who made a good recovery decreased from 73% in patients of age 40 years or less, to 41% in the age group 61 to 70 years and to 25% in patients older than 70 years. The overall poor outcome observed with advancing age is only partially explained by other factors such as poor clinical condition at admission, increased amount of blood on the CT scan, and preexisting medical diseases that are associated with increasing age. In our study, adjustment for these factors did not remove the age effect. Age itself, therefore, has an independent negative influence on outcome after SAH, suggesting that the aging brain has a less than optimum response to the initial bleeding; 34 a similar phenomenon has been observed in traumatic brain injury. 51 The upper age limit after which there is a significant increased risk of poor outcome is unclear. Some authors have used 50 years as the limit, 2 whereas others have considered 60 1, 8 or 65 years (JB Stachniak, et al., unpublished data). 43 In our study and in the Cooperative Study on the Timing of Aneurysm Surgery, 22 the negative relationship between age and outcome was a linear one. However, when we conducted an exploratory analysis it became evident that the percentage of patients who experienced a poor outcome was significantly higher when an age cutoff of 60 years was considered. A similar conclusion was reached when we tried to develop a computer-generated mathematical model to predict outcome after SAH based on a series of risk factors present at admission. 12 In this model, age greater than 60 years was the most important predictor of outcome after level of consciousness. 12 On the basis of these observations, we suggest that the age cutoff of 60 years should be used when the risk factor age is considered in patients with SAH.
Vulnerability of the Aged Brain to SAH
The basic mechanisms responsible for the vulnerability of the aged brain to SAH and to any injury in general are not completely understood. Comprehension of these mechanisms would open a fascinating window on the molecular processes underlying neuronal aging. Based on current knowledge, several speculations can be made and different factors can be hypothesized: 1) in the brain as well as in every organ, tissue, and many cells, a timedependent loss of structure, function, and chemistry proceeds slowly as the consequence of small, but cumulative, microinsults; 2) the accuracy of translation, which depends on the cell's ability to decode the triple codons in messenger RNA molecules, is impaired with aging (codon restriction theory of cellular aging); 47 3) the number of neuronal mitochondria are reduced with aging 49 and metabolically active, nondividing neuronal cells become highly susceptible targets of oxidative and excitatory amino acid damage 31 (it is well known that these conditions occur after SAH); and 4) the "reactive synaptogenesis" or axonal sprouting that represents a compensatory reaction to neuronal loss or damage and is characterized by an increase in the number of synaptic contacts provided by the adjacent neurons, although not entirely lost, is slowed with aging. 50 As a result of all these factors, the brain is limited in its ability to repair the lost function/structure after any type of damage.
Conclusions
This study confirms that age is an important predictor of poor outcome after SAH. Several factors that can independently affect outcome are associated with increased age. These include a poorer clinical status at admission, larger amount of subarachnoid blood, higher incidence of hydrocephalus and intraventricular hemorrhage on admission CT scan, associated preexisting medical conditions, and higher rebleeding rates. The incidence of asymptomatic vasospasm is lower in the elderly than in younger patients. However, symptomatic vasospasm is more frequently observed in the older age groups because of a reduced cerebrovascular reserve. Adjustment for these factors, however, does not remove the age effect, suggesting that age itself (and by implication the aging brain) has a negative effect on outcome independent of any other factors.
Operative morbidity rates do not significantly differ with advancing age and surgical results in the elderly have significantly improved in the past decades. Therapeutic nihilism would not appear to be justified in older age groups. The overall costs of hospitalization are higher for patients older than 65 years because these patients spend more time in the intensive care unit (JB Stachniak, et al., unpublished data); however, treatment of a ruptured aneurysm should not be refused to the elderly patient solely on the basis of advanced age.
